This paper presents and discusses the longitudinal and transversal end effects which affects the propulsive force of linear motors. Generally, the modeling of linear machine considers the forces distortion due to the specific geometry of linear actuators. The insertion of permanent magnets on the stator allows improving the propulsive force produced by switched reluctance linear motors. Also, the inserted permanent magnets in the hybrid structure allow reducing considerably the ends effects observed in linear motors. The analysis was conducted using 2D and 3D finite elements method. The permanent magnet reinforces the flux produced by the winding and reorients it which allows modifying the impact of end effects. Presented simulations and discussions show the importance of this study to characterize the end effects in two different linear motors.
Introduction
The linear switched reluctance MOTORS (LSRM)s and the linear hybrid motors are becoming very attractive actuators in recent decade. Moreover, LSRM serves more advantages than other rotary electrical machines, particularly in linear industrial applications. Resulting in simpler conversion of electrical input to linear motion, the LSRM have been used in conveyor system, sliding doors, airport baggage and rope-less elevator [1] [2] [3] [4] . These machines eliminate the need of mechanical movement transformation interfaces for rotary to linear. Using LSRM, additional benefits of performances and reliability are obtained.
Many advantages make that the LSRM more attractive candidate for applications requiring precise linear motion. Firstly, the LSRM provides direct solution on the motion control with precise specifications. On the other hand, the simplicity on the construction of the LSRM added to the robustness and high power densities make it more attractive for many industry applications requiring linear displacement during the last decade [5, 6] . Since no magnet is installed in both the mobile part and the stator added to the absence of copper windings on the mobile part, the LSRM reliability is considered very improved compared to others electric motors used in the drive applications. The FEM have been used over the last few years in the design of electrical machines. These methods are preferred because they give a good agreement with the experimental measurements. Hence, the FEM is used in this work to quantify and evaluate the ends effect of the produced forces of the LSRM [5] .
Increasing the LSRM force is desirable. In order to achieve this objective, improvement in mechanical structure of LSRM was proposed and studied in most research works. However, the improvement of LSRM construction is not possible due to the difficulty in construction when a permanent magnet is added or a novel shape of primary is used. Particularly, when the desirable force is important, the thickness of the mobile part is considered significant. Consequently, the mass of the mobile part increases and dynamic characteristics of the machine are affected. The references show that added steel and higher length of some dimensions does not have any improvement in the force profile. Hence, reducing some dimensions of the linear machine allows keeping the same propulsion forces. A second solution was used to improve the propulsive force of linear actuator consists in addition of permanent magnet in both translator and stator structures. The studies of the end effects in linear SRM and HM consider the same hypothesis. However, the added permanent magnet affects the magnetic flux distribution and consequently the propulsive force and the transversal and longitudinal end effects.
The aim of this paper is to study the phenomena of the longitudinal and transversal end effects in both switched reluctance and linear hybrid machines. A 3D view of the LSRM is shown in Fig. 1 . This paper is organized as follows. Section 2 is concentrated to the analysis of end effects in LSRM. Section 3 is Table 1 .
2 Analysis of end effects in linear switched reluctance motor
Longitudinal end effects
To design a LSRM structure, the 2D FEM is usually used to calculate the performances of the proposed structures. In particular, when the structure presents some symetries, this method is preferred by the most engineers and researchers. To simplify the calculation time, elementary structure can be considred to modelise and calculate the parameters of the machine. However, in linear machine, the flux lines distribution and the magnetic induction depends on the position of the excited phase. Figure 2 shows the distribution of flux lines when only the extrem right phase is excited. It is clear that the adjacent phase affects the magnetic flux distribution. If a central phase is excited, the magnetic flux distribution is affected by the two adjacents phases. This phenomen is called longitudnal end effects. The longitudinal end effects conduct to the distortion of the produced propulsive forces. Figure 3 shows the static forces produced by the LSRM when successively the four phases are excited. The forces produced by the extreme phases are more superior than the forces produced by the central phases. Hence the maximum produced force depends to the position of the excited phase. On the other hand, these results show the necessity of the analysis of the full structure to determine the nominal produced force by the machine. Based on these results, the analysis of an elementary structure will be considered insufficient to determine the performances of the machine.
Transversal end effects
The transversal end effect in linear machine affects considerably the developed propulsive force for all excited phases of the actuator. The magnetic co energy is calculated using where H is the magnetic field, B is the magnetic flux density. The software performs a static magnetic field solution. It computes the model's H field using the current density as a source. For the hybrid structure, permanent magnet serves also as a source.
The obtained force is calculated using flux in 3D analysis as given by Figure 4 shows the magnetic flux distribution with 3D FEM analysis. Uniform magnetic flux distribution is observed in transversal direction. This is due essentially to the effect of end winding which is considered negligible in the 2D analysis. The influence of the end effects on the propulsion force is clearly shown in Fig. 5 . Table 2 . shows a comparison of the 2D and 3D analysis. The advantage of the 3D analysis is to obtain an estimated force with minimum error. However, the 3D method takes longer time to solve the problem.
An important error is shown in the propulsive forces. Consequently, the 2D method can be considered just for preliminary analysis and design of these types of linear machines. Indeed, the maximum force decreases allowing the decrease of the intersection between the consecutively excited phases.
Analysis of end effects in linear hybrid motors
The (LHM) is proposed in aim to increase the propulsive force developed. Hence, the actuator is designed and analyzed using both 2D and 3D in this section. The LHM is characterized by the same geometric parameters of the LSRM, we have only inserted permanent magnet in the stator teeth. Figure 6 shows a 3D view of the linear hybrid motor. Using permanent magnet allows to increase the produced flux. The co energie increase and consequently the propulsive force is improved. The flux in LHM is given by
Longitudinal end effects
To study the effect of the phase emplacement, the forces generated are calculated for each phase separately. The results presented in Fig. 8 show a small difference in the generated forces. The maximum force is considered the same.
The effect of the permanent magnet is shown on the propulsive forces. The conclusion is that the longitidunal end effect is different from LSRM and LHM. Hence, analytical approach for modeling longitudinal end effects should be developed for each machine. The increase of the current excitation allows showing clearly the longitudinal end effects for LHM. The magnetic flux distribution for the LHM is presented in Fig. 9 .
Transversal end effects
To study the transversal end effect in LHM, 3D finite element method was used. Figure 10 shows the magnetic flux distribution on the 3D structure. A transversal section is presented in Fig. 11 . The magnetic flux is affected by the permanent magnets inserted on the stator teeth. A small quantity of magnetic flux circulates out the structure. Consequently, a small variation on the inductance and the produced force is obtained. We can show the big difference between the end effects in LSRM and Hybrid motors. The inductance calculated using the both 2D and 3D is shown in Fig.12 The inductance obtained with 2D is less than the inductance obtained with 3D. Moreover, the 3D model takes in account the end windings in the calculus of the total inductance. The inductance calculated using 3D model is given by
The force is expressed as function of the inductance by The influence of the end effects on the propulsion force is clearly shown in Fig. 13 .
Discussion
The presented studies concern the analysis of the end effects in both switched reluctance and hybrid motors. The FEM analysis shows the necessity of the 3D model for computing the produced forces. Indeed, the 3D analysis shows a distortion forces in both hybrid and switched reluctances structure due to the magnetic flux distribution not taken in account in the 2D analysis. However, in the early steps of the design process, analytical methods stay efficient. The analytical models are suggested in first steps of conception process. Indeed, the presented results in [2] and [6] show the efficiency of reluctance network model to determine the principal parameters of the actuator. However, the 3D analysis must be integrated. Indeed, the FEM allows validating the design using analytical methods. Every time, the obtained results with FEM are more precise than those obtained with analytical methods. On the other hand, the FEM is used in the optimization process with minimum variable parameters. Indeed, the increase of the parameters number increases the solving time. Hence, this method will be used in the optimization of some specific parameters. The all other parameters of the actuator should be determined with the analytical methods. In the case of linear machine, the FEM method is used to validate the existence of the end effects. Important result was discovered consist on the variation of these effects from each structure to another.
Conclusion
Longitudinal and transversal end effects are presented and analyzed in this paper. 3D finite element method is required to obtain precise results. The conducted study shows that end effects depend to the studied machines. Consequently, the developed analytical model cannot be applied for others machines. The authors suggest using 3D model for modeling and design of this type of actuators. The simulation results presented and discussed confirm the analysis of end effects in linear machines.
